major benefit of using magnetic field responses over electric ones is that the noise level of magnetic receiver theoretically allows for greater surface coverage compared to that of the electric receiver. Like the GESTEM method, the TDCSEM method also requires the use of a proper transient EM pulse such that the relatively high frequencies are produced. The impulse response of the TDCSEM method is characterized by two-path diffusion of the EM signal. The initial response is caused by faster signal diffusion through the less conductive seafloor, while the later arrivals result from slower diffusion through the more conductive seawater. Therefore, at larger separations, the effects of the seafloor and xvii seawater are separable. This can be useful in reducing the airwave problem associated with the FDCSEM method in shallow marine environments.
INTRODUCTION

Conventional inductive electromagnetic (EM) methods have been widely used in
hydrogeological investigations because of their ability to detect electrically conductive targets, but it is well known that they are insensitive to electrically resistive thin layers (Hordt et al., 2000) . As EM imaging of resistive targets is aligned with many important geophysical applications (e.g. hazardous waste site characterization, petroleum exploration, underground gas storage monitoring), a new EM acquisition strategy and interpretation scheme should be developed to delineate resistive targets successfully.
The work presented here has investigated the physics of time-domain and frequencydomain EM methods with galvanic sources, and compared them to conventional standard inductive EM methods through numerical modeling examples for terrestrial and marine applications. This allows us to determine the benefits of galvanic source EM methods over the conventional inductive source EM methods.
Chapter 2 provides a literature review of EM geophysical methods employed in the study.
Terrestrial EM geophysical methods are somewhat different from marine EM methods in scope, and therefore were treated separately in the two subsections in Chapter 2. Chapter 3 describes an overview of the time-domain and frequency-domain finite difference algorithms employed in this study.
The physics of a grounded electric dipole source, as employed for transient EM geophysical methods (GESTEM) on land is explored in chapter 4. This method's sensing ability is compared to the other two standard terrestrial EM methods (the magnetotelluric and loop transient EM methods).
Chapter 5 includes numerical modeling analysis of marine frequency-domain and timedomain EM methods to understand how sensitive galvanic sources are to a thin resistive hydrocarbon reservoir in a marine environment. Numerical modeling results for the marine magnetotelluric method are also considered here for comparison.
ELECTROMAGNETIC GEOPHYSICAL METHODS
TERRESTRIAL ELECTROMAGNETIC GEOPHYSICAL METHODS
INTRODUCTION
EM geophysical imaging methods are commonly employed as near surface characterization tools for hydrogeological and environmental problems due to their sensitivity to the amount and quality of the fluid filling the pore space, and for mineral exploration due to sensitivity to metallic minerals. The most widely employed surface EM sounding tools are the transient EM (TEM) and magnetotelluric (MT) methods. The descriptions of these two methods are briefly summarized from Nabighian and Macnae (1991) in the following subsections.
THE MAGENTOTELLURIC METHOD
The 
THE TRANSIENT ELECTROMAGNETIC METHOD
Like any other EM methods, EM fields generated with the TEM method are also governed by Maxwell's equations. A transmitter creates a steady-state current in a ungrounded loop of wire, which then generates a magnetic field in the earth via Faraday's Law (Nabighian and Macnae, 1991)
where j is the current density (A/m 2 ); and h is the magnetic field (A/m); r is position vector and t is time. The current source is then suddenly turned off in a few tens of milliseconds, resulting in a rapid change in the magnetic field. This changing magnetic field induces a time-varying electric field in the earth governed by Ampere's Law:
where b is the magnetic induction (Teslas); e(r,t) is electric field (V/m) and is permeability.
The resulting current density, j(r,t) is defined by j(r,t)= (r)e(r,t) (2-6) where (r) is electric conductivity.
The current flow produces a secondary magnetic field governed by Faraday's Law. At a receiver, either the magnetic field or induced voltage in a receiver loop of wire is measured over time. The measurement is then interpreted to determine the electric resistivity structure of the earth. The diffusion pattern of the transient EM field depends on the geometry of the transmitter and transmitter waveform. Nabighian and Macnae (1991) pointed out that for a step-off function excitation, transient EM response of a loop transmitter can be represented by a downward and outward moving current filament called smoke rings (Figure 2 .1), with diminishing amplitude and having the same shape as the transmitter loop.
The other promising TEM system shown in Figure 2 .2 is the long offset transient electromagnetic (LOTEM) technique developed by Vozoff and Strack (Strack, 1992) . The LOTEM method employs a long grounded electric dipole as the source. This LOTEM source is energized with a square wave current and the time-derivative of the resulting transient magnetic field is measured in a small loop (Gunderson et al., 1986) .
It is common to present the measured transient-field sounding data as apparent resistivity curves at early time or late times. The measured response at early time is largely from the near-surface, whereas at late time the response mainly comes from the deeper part of the underground. As a common practice, late-time response (considered to be more diagnostic of the structure) is used to obtain apparent resistivity sounding curves (Sharma, 1997).
While classic 1-D inversion schemes are being dominantly used in the interpretation of TEM data, they are sometimes inappropriate to apply to 3-D models. 3-D inversion routines are largely still research-based and computationally intensive. Consequently, such
scheme has yet to be applied routinely to TEM projects when 3-D modeling is required (Reynolds, 1997).
THE GROUNDED ELECTRIC DIPOLE SOURCE TRANSIENT ELECTROMAGNETIC METHOD
The TEM and MT methods have been successfully used to study hydro-geophysical problems and to explore for hydrocarbons where the terrain is unsuitable for seismic reflection surveys (Reynolds, 1997). Limitations have also been reported by geophysicists.
For example, it is well known that electrically resistive structures at depth are difficult to be delineated by both the conventional loop TEM and MT methods (Hordt et al., 2002 and Ellingsrud et al., 2002) . The primary reason for this failure is that the response of these two EM methods mainly relies on the inductive effect of the horizontal source fields Because delineating resistive structures is important to many geophysical applications which include monitoring underground gas storage facilities, and improving oil exploration, Alumbaugh (2002) proposed GESTEM method to detect and image resistive targets.
The GESTEM method was originally derived from the LOTEM method. A grounded electric dipole source generates various transient source waveforms. Unlike the LOTEM method, the GESTEM method employs relatively short source-receiver offset so that the measurement can be more focused below the source. The GESTEM method also equally utilizes electric field responses as well as magnetic field responses. Measuring electric fields over time has a potential advantage to sense resistive targets in depth because electric field measurements are more sensitive to charge buildup along the boundaries of electric resistivity when the vertical transient currents interact with the horizontal layers.
The research starting point for the GESTEM method will be to investigate its basic physics and then to compare it to the conventional loop TEM and CSAMT methods using finite difference forward modeling codes. The final result of this numerical study is to determine what advantages the newly proposed GESTEM method can offer over the conventional TEM and MT methods.
MARINE ELECTROMAGNETIC GEOPHYSICAL METHODS
INTRODUCTION
The advent of greater computational capabilities and recent developments in more accurate instrumentation have spawned increasing interest in the use of EM methods for seafloor exploration (Chave et al., 1991) . The most widely employed marine EM methods are the marine MT (MMT) and marine frequency-domain Controlled Source EM (FDCSEM) methods. The other seaborne EM method employed in this numerical study is the marine time-domain Controlled Source EM (TDCSEM) method (Cheesman et al., 1987) . These methods are briefly summarized in the following subsections.
THE MARINE MAGNETOTELLURIC METHOD
The theory and principles behind terrestrial MT are not changed appreciably for MMT but there are two major physical phenomena which differentiate the two techniques (Chave et al, 1991) . The downward propagating MT source fields provide an MT impedance for the sub-seafloor section that is independent of the overlying conductive layer. However, conductive seawater rapidly attenuates the magnetic source field at frequencies above 0.01
Hz and the amplitude reduction of seafloor fields is an important constraint in instrumental and experimental design. The generation of EM noise by sea water motion also contaminates low frequency MT data. These two phenomena result in a band-limited seafloor EM spectrum.
THE MARINE FREQUENCY-DOMAIN CONTROLLED SOURCE ELECTROMAGNETIC METHOD
The most commonly used technique for marine electromagnetic method is the MMT method. However, MMT suffers from a serious limitation in the deep oceans (Sinha et al., 1990) . The presence of a few hundred meters of highly conductive seawater effectively screens the seabed from the ionospheric sources of magnetotelluric signal at all frequencies higher than a few cycles per hour. In addition, MMT source fields are horizontal and thus can not sense thin resistive hydrocarbon targets effectively. An alternative approach to MMT sounding is to generate artificial source currents in the water column and measure the resulting electric and magnetic fields at the seabed.
From this point of view, the marine frequency-domain controlled-source electromagnetic (FDCSEM) method uses time-varying electric or magnetic dipole source of known geometry to induce currents in the conducting media (Chave et al., 1991) . The electric or magnetic response due to induced currents can be used to estimate the electric conductivity structure of the seafloor. There are four basic source types: vertical and horizontal electric dipoles (VED and HED), and vertical and horizontal magnetic dipoles (VMD and HMD). A VMD system mainly measures the inductive response due to horizontal current flows and hence is relatively insensitive to thin resistive zones representing a hydrocarbon reservoir. HED, HMD and VED systems employ both vertical and horizontal current flow. Thus, these three source types are preferred when resistive zones have to be mapped. In contrast to a land-based frequency domain survey, the marine FDCSEM method has both the source and receiver immersed in conductive seawater.
Thus, the electric structure of both the seawater and sub-seafloor materials affects the electromagnetic response measured on the seafloor. In cases involving shallow seawater, the boundary conditions given by the air-seawater interface also have to be taken into consideration. (Chave et al., 1991) A typical layout for the marine CSEM methods is shown in Figure 2 .3.
During a typical survey, the source is towed at a height (usually 50m) from the seafloor within an array of seafloor receivers which measure two orthogonal components of the horizontal electric (magnetic) field. By studying the variation in amplitude and phase of the received electric (magnetic) field as a function of source-receiver separation geometry, and the frequency of the signal, the resistivity structure of the underlying seafloor can be determined. Frequencies in the range 0.25 Hz to 40 Hz are used in typical surveys (MacGregor et al., 2000) . At too low frequency, FDCSEM responses tend to lack resolution of structures of interest, and are more likely to be affected by seafloor electromagnetic noise from microseismic and ionospheric sources. At higher frequencies, only electromagnetic response at the very short source-receiver separations can be detected above the ambient noise due to significant attenuation of electromagnetic fields in the conductive media. Such electromagnetic response contains little information about the sub-seafloor resistivity structure. As a result, the useful range of the frequencies in practice is quite limited.
Another important factor for success or failure of marine FDCSEM method in practical applications related to hydrocarbon reservoir is survey geometry (Ellingsrud, 2002) . The survey geometry can be defined in terms of the source-receiver azimuth, i.e. the angle between the source dipole axis and the line joining the source and receiver (Figure 2.4) . At an azimuth of 90 degrees, inductive response dominates. In orthogonal direction at an azimuth of 0 degree, both galvanic and inductive responses are effective. Strong dependence of the response on source-receiver geometry is exemplified in this numerical modeling study.
THE MARINE TIME-DOMAIN CONTROLLED SOURCE ELECTROMAGNETIC METHOD
Previous works regarding the marine time-domain controlled source electromagnetic (TDCSEM) method mainly involve theoretical studies of the transient step-on responses for towed survey configurations. Cheesman (et. al., 1987) showed that the horizontal, inline electric dipole-dipole configuration, and the horizontal, coaxial magnetic dipole-dipole configuration are capable of measuring the relative low conductivity of the sea floor in the presence of more conductive seawater.
In order to compare the marine FDCSEM method to marine TDCSEM method consistently in this numerical modeling study, the frequency-domain HED source is replaced by the time-domain HED source and then step-off synthetic responses are computed. Any other survey configurations for the marine TDCSEM method are hold identical to that for the marine FDCSEM method.
The theories applied to terrestrial TEM methods are not changed to explain the marine TDCSEM method, but Edwards (1998) numerically demonstrated the important difference between terrestrial and marine TEM responses: the characteristic step-on response of a double half-space model representing conductive seawater and less conductive seafloor to a towed dipole-dipole system near the seawater-seafloor interface consists of two distinctive parts. As time in the transient measurements progresses, two changes in field strength are observed: one caused by the relatively fast diffusion of the EM field through more resistive seafloor, and a second caused by the relatively slow diffusion through the more conductive seawater. The sense of the separation of the parts of the transient is opposite to that in the air, where the direct part propagating in the air arrives almost instantaneously due to its low conductivity (Chave et al., 1991) . This distinctive diffusion pattern in each marine medium will also be observed in Chapter 5
and utilized to detect a thin resistive hydrocarbon reservoir. 
1-D ANALYTICAL CODE
The 1-D analytical method that K.H. Lee employed for his EM 1-D code is based on a general theory for the EM fields of dipole sources embedded in isotropic stratified media by Stoyer (1977) . The computations consider the case where a dipole source is placed within one of several stratified layers with air body and earth half space at the top and bottom respectively of the stack of layers. The geometry and the coordinate system are presented in Figure 3 .1. There are n layers below the source layer and m layers above it, and layers n and -m are semi-infinite. Each layer is homogeneous and isotropic, and is assigned a value of permeability µ, permittivity , electric conductivity , and thickness h.
The bottom of the ith layer is at z = z i , and the horizontal dipole is located at (0, 0, -d).
Two of Maxwell's equations provide the starting point of this method. These are In these equations, the electric conductivity as a function of position is denoted by , the electric and magnetic fields are defined by the vectors E and H, respectively, and the source vectors J P and M P are current densities for imposed electric and magnetic sources.
We set the magnetic permeability of the earth, µ, to µ 0 (4 10 -7 H/m) since magnetic permeability changes are generally very small except for the case of magnetic ore bodies.
For convenience, the Hertz potentials are employed, instead of dealing with the field components themselves. Using and ' for the electric field and magnetic field Hertz potentials, respectively, the fields are derived via the relations,
where k is the wave number and is defined as The solutions of (3-6) for horizontal magnetic dipole are of the form Model discretization is a special concern in numerical modeling studies. Finer model discretization increases the accuracy of forward modeling but increases the amount of CPU time and memory needed (Pellerin et al, 1996) . Besides this general consideration, Newman and Alumbaugh (1995) suggested other discretization conventions for maximum and minimum cell size when this code is employed. As the ratio of the dimensions of the largest cell to those of the smallest cell increases, the time that it takes for the solution to converge increases. Hence, in this modeling study using this code, this ratio was set to less than 10. The maximum cell size is dictated by considering skin depth and is set to one-half of the skin depth of the most conductive medium in the model.
3-D TIME-DOMAIN FINITE DIFFERENCE CODE
The 3-D finite difference time domain (3-D FDTD) algorithm employed here was developed by Commer and Newman (2004) . The algorithm solves the TEM problem by stepping the coupled first-order Maxwell's equations forward in time using a staggered grid approach (Wang and Hohmann, 1993 where max t is the maximum time step, ranges from 0.1 to 0.2 depending on required accuracy and min is the minimum cell size. Subsurface boundaries are represented by Dirichlet boundary condition in which the tangential electric fields are set to zero at the side and lower boundaries. This is possible because we can simply extend the subsurface boundaries sufficiently far from the source position. A conceptual diagram for timedomain 3-D EM model grids is presented in Figure 3 .3. At the earth-air interface, an upward-continuation boundary condition is used to avoid having to include the air layer in the finite difference grid (Oristaglio and Hohmann, 1984) . This requires a 2D Fourier transform at the interface. Otherwise, according to , approximating the air with a highly resistive layer would require very small initial time steps (Commer and Newman, 2004 ).
In the loop source TEM code, the four current elements forming the transmitter loop are extrapolated to the nearest cell edge. The static magnetic fields every where in the model due to the four current elements are then computed and used as the initial conditions (Schaper, 2002) . In the grounded source TEM code, the initial direct current (DC) conditions can be computed for an arbitrarily geological media. This involves the solutions of a 3D Poisson problem prior to the time-stepping process in order to treat the presence of static DC electric field caused by the galvanic source (Commer and Newman, 2004) . Grid spacing increases laterally and vertically away from the source (Wang and Hohmann, 1993) .
